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Simulations of NMR spectra for spin-12 nuclei in rigid solids
spun at relatively slow speeds and at angles other than the magic
angle are presented. Particular emphasis is on the case where 13C
is bonded to a quadrupolar nucleus such as 14N. The feasibility of
quantitatively extracting the chemical-shift tensor, bond lengths
through the dipolar interaction, and the electric-field gradient of
the neighboring nucleus from a single (1-D) spectrum is demonstrated. The sensitivity of the observed changes in the spectra to
changes in the physical and experimental parameters is discussed
and illustrated using nitrile 13C spectra of solid CH3CN. Equations
are derived to extend the theory beyond the adiabatic approximation. q 1996 Academic Press, Inc.

has been discussed by Sethi, Alderman, and Grant (3) and
by Ding, Hu, and Ye (4). The situation is complicated for
the case where one (or both) of the nuclei experience an
electric quadrupole interaction comparable to the Zeeman
interaction. An important example is 13C NMR studies for
carbons bonded to nitrogen (C–N) (5). That case is illustrated in this work using spectra of the nitrile 13C in CH3CN
as an example. The results presented here are applicable to
spectra for any spin-12 nucleus with any neighbor nucleus.
For variable-angle spinning in the case where the observed
nucleus experiences a quadrupole splitting see Ganapathy et
al. (6) and Chen et al. (7).
The simulations are developed directly from quantum mechanical results, are an extension of previous, more limited
simulations, and also include the limiting case where the
sample spinning rate is zero (a stationary sample). Zilm and
Grant (8) describe a method to calculate 13C powder patterns
for a stationary sample including chemical-shift anisotropy
and the usual secular dipole interaction (i.e., what are usually
called the A and B terms) with another nucleus. When carbon is bonded to nitrogen, it is often the case that the 14N
nuclear quadrupolar interaction is large enough so that the
quantization axis for the nitrogen nuclear levels is not along
the applied magnetic field. Since the 13C (I Å 12) and 14N (S
Å 1) are not quantized along the same axis, the calculation
of the nuclear dipole–dipole interaction must also include
terms involving the operators Iz Sx and Iz Sy (i.e., what are
usually called the C and D terms) where the applied magnetic field is along the z axis. The frequency shifts due to
the additional terms do not average to zero in the presence
of magic-angle spinning.
The dipolar coupling between two spins, I Å 12 and S ú
1
2, has been described by VanderHart et al. (9), and the extra
terms were used to correct a second-moment calculation
for a polycrystalline sample with negligible chemical-shift
anisotropy. Calculations including the chemical-shift anisotropy have been presented by Stoll et al. (10) for single
crystals. Hexem et al. (11) and Naito et al. (12) each provide
a detailed discussion of the effects of the 14N quadrupolar

INTRODUCTION

In this paper, we present simulations of nuclear magnetic
resonance data, allowing the determination of up to 12 NMR
parameters describing chemical-shift, dipole, and electric
quadrupole interactions, using least-squares fits to a single
(1-D) NMR spectrum. The spectra are obtained using standard magic-angle-sample spinning techniques, except that
measurements are made away from the magic angle and at
relatively slow spinning rates. In this context, a slow spinning rate is one which yields a spectrum with many spinning
sidebands.
Magic-angle spinning (MAS) is a proven technique to
obtain detailed quantitative information from high-resolution
NMR measurements of solids. In ideal circumstances (high
spinning speed at the magic angle), narrow NMR lines at
frequencies determined by the isotropic interactions are observed, which simplifies the spectrum and increases the sensitivity compared to measurements of stationary samples.
When the spinning rate is reduced, information about the
chemical-shift and nuclear dipole–dipole tensors can be obtained (1, 2). In the case where the spin axis is not along
the magic angle and the spinning rate is reduced, all the
information present in the NMR spectrum from a stationary
sample is present, and can, in principle, be deduced with a
sensitivity improvement approaching that of a MAS measurement. Slow variable-angle sample spinning (SVASS)
88
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interaction on the C–N dipole couplings as measured using
magic-angle spinning. Gan and Grant (13) present a method
to calculate lineshapes using average Hamiltonian theory,
equivalent to first-order perturbation theory, valid in the fast
spinning limit. That method is valid for coupled C–N spins
provided the N quadrupole interaction is not too large.
Sethi et al. (3) have presented a method to calculate spectra for variable spinning speeds and angles including the
case of carbon bonded to nitrogen. Their method is based
on a Fourier expansion of a classical model for the motion
of the 13C magnetization. An infinite set of homogeneous
equations describing all the sidebands is truncated to include
the sidebands of importance, and a Fourier analysis of the
time-dependent frequency shifts, also truncated for the case
of C–N, is solved. The C–N case received only limited
experimental verification. While truncation seems quite reasonable, it has yet to be formally justified. When the number
of sidebands becomes large (that is, the spinning rate is slow
compared to the chemical-shift anisotropy), the number of
sidebands of importance increases as does the computation
time. We have not used their method, but have used a
straightforward computation of the lineshape similar to that
described by Maricq and Waugh (1) and by Herzfeld and
Berger (2), but extended by inclusion of the nitrogen quadrupole effects. As discussed below, the bulk of the computation time is devoted to diagonalizing the nitrogen Hamiltonian for different molecular orientations, and hence any computational advantages of Sethi et al.’s method are minor
for this case. In our implementation, the lineshape for the
stationary sample is obtained as a limiting case by simply
setting the rotor speed to zero. In addition, the computation
can be carried out for any number of individual sidebands
without introducing further errors. The development below
is in terms of interaction tensors; however, it could equally
well be formulated using irreducible representations.
Theoretical simulations are compared to experimental
measurements for acetonitrile (CH3CN) spun near the magic
angle and at spinning rates comparable to the dipolar interaction. Acetonitrile has a large chemical shift, small carbon–
nitrogen internuclear distance, and hence a relatively large
nuclear dipolar interaction, and the nitrogen electric quadrupole interaction is large compared to many other nitrogencontaining compounds. Hence, the limit of the slow spinning
rate can be tested without the need for special equipment.
In addition, isotopic enrichment with 15N (S Å 12) allows a
direct comparison between spectra for the same material
obtained with and without a quadrupole splitting on the
neighbor nucleus.
THEORY

For concreteness, the theory below is developed specifically for carbon bonded to nitrogen. The theory is readily
extended to any spin-12 nucleus with any neighbor. The theory

6j0d$$0879

05-01-96 16:50:44

maga

13

89

C BONDED TO NITROGEN

is developed for a general spin axis and the spinning rate
can be any value between zero and a maximum determined
by the quadrupole splitting (if any) of the neighbor nucleus.
For 13C bonded to nitrogen, all spinning rates currently available can be used.
Stationary Samples
The Hamiltonian for an isolated C–N pair is taken to be

H Å 0 gI\Hr( 1 / s)r I 0 gS\HrS
/ SrQrS / IrDrS,

[1]

where H is the applied magnetic field, 1 is a unit tensor, s
is the carbon chemical-shift tensor, and gI and gS are the
gyromagnetic ratios for the carbon and nitrogen respectively,
Q is the electric quadrupole tensor, and D is the tensor for the
dipole interaction. Note that with this definition, a positive
chemical shift causes an increase in the resonant frequency
for a fixed magnetic field. The chemical shift for the nitrogen
is ignored since it will prove immaterial when computing
the 13C signal. The dipolar interaction is small and will be
treated using perturbation theory. After diagonalizing the
carbon Zeeman Hamiltonian and the nitrogen Zeeman plus
quadrupolar Hamiltonians separately, a product wavefunction, expressed using eigenstates of Iz and Sz respectively,
is obtained,
ÉcC …ÉcN … Å (b/É/12… / b0É012…)
1 (a/1Éc/1… / a0Éc0… / a01Éc01…), [2]

where the nitrogen wavefunction is expressed in terms of
eigenfunctions, Écj … , of the nitrogen Zeeman plus quadrupolar Hamiltonians,
Écj… Å aj ,/1É/1… / aj ,0É0… / aj ,01É01…,

[3]

which have energy Ej . More generally, six coefficients are
needed to describe this wavefunction: however, the use of
five is equivalent to assuming a random phase between the
carbon and nitrogen wavefunctions and will have no consequence in what follows. Taking H along the z axis with
magnitude Ho , and ignoring the small off-diagonal terms
due to the carbon chemical-shift tensor, the eigenstates for
the carbon correspond to (b/ , b0) Å (1, 0) and (0, 1) with
energies 0 gC\Ho (1 / szz )/2 and /gC\Ho (1 / szz )/2,
respectively.
The first-order corrections to the energy due to the dipolar
term for the (approximate) eigenfunctions, É{12…Écj … are
given by
1
D
\v {,
j Å {2

∑ Dzk » cjÉSk Écj … ,
kÅx,y ,z

AP: Mag Res

[4]
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where once again the terms involving Ix and Iy are small
compared to the Zeeman Hamiltonian and are dropped.
If the signal is detected with a coil with its axis along the
x direction, the contribution to the signal from this isolated
C–N pair will be proportional to the real part of the time
derivative of » I/ … , where
» I/ … Å b *
/ b0

∑

a*
j aj exp[ 0i gC Ho (1 / szz )t]

j Å01,0,/1

1 exp[i v jD t]

[5]

D
D
and v jD Å v /,
j 0 v 0, j .
Assuming intermolecular interactions are negligible, the
total signal will be the sum of similar terms. In the hightemperature (and random-phase) approximation(s), a *
j aj
a
…
which
to
a
very
good
approximation
is replaced by » a *
j
j
will be independent of j. Assuming » b *
/ b0 … is made to be
nonzero (by an RF pulse), then the signal has three frequency components, of equal magnitude.
For a powder sample, contributions for all orientations of
the magnetic field relative to the C–N pair must be added
together. To do this, it is convenient to define a molecular
reference frame and a laboratory reference frame. In these
calculations, we use the principal axes of the carbon chemical-shift tensor, s , to define the molecular reference frame.
The chemical-shift, dipolar, and quadrupolar tensors in their
principal axes systems are designated so , Do , and Qo respectively. The diagonal elements of Do and Qo are given by

The rotations RD and RQ are fixed by the molecular geometry. The rotation Rs can be described using the usual two
polar angles, u and f, which orient the magnetic field with
respect to the chemical-shift principal axes.
Since the method described by Zilm and Grant (8) is not
applicable unless the quadrupole contribution is negligible,
a brute force technique was employed to do the powder
averages. For equal increments of cos( u ) between 1 and 01,
and of f between 0 and 2p, the tensors are rotated into the
lab frame, the nitrogen Hamiltonian is diagonalized to get
{Écj … }, the frequencies of the three contributions are calculated and combined with szz , and a histogram of the responses verses frequency is created. Broadening is added
after the histogram is created to smooth and to better represent the measured spectrum. Although not implemented
here, the ideas for improved sampling in powder spectrum
calculations presented by Alderman, Solum and Grant (14)
might be useful to speed up the calculations.
Spinning Samples
With sample spinning at a frequency vr about an axis
which makes an angle b with the magnetic field, the tensors
in Eq. [1] can be written
T
D Å R0 bRf(t)RbRsRDDoR DT R sT R bT RfT (t)R 0
b
T
T
Q Å R0 bRf(t)RbRsRQQoR Q
R sT R bT R fT (t)R 0b

[7]

and
T
s Å R0 bRf(t)RbRssoR sT R bTR fT (t)R 0
b,

Dxx Å 1, Dyy Å 1, Dzz Å 02; in units of gC gN \ /r
2

3
CN

,

where rCN is the carbon–nitrogen distance, and
Qxx Å 0 (1 0 h ), Qyy Å 0 (1 / h ), Qzz Å 2;
in units of e 2qQ/4\ .
Note that J coupling is assumed to be small and is neglected
in this work.
Defining the rotations RD , RQ , and Rs , where RD rotates
from the dipolar principal axes to the chemical-shift principal
axes, RQ rotates from the quadrupolar principal axes to the
chemical-shift axes, and Rs rotates from the chemical-shift
principal axes to the laboratory reference frame, then
D Å RsRDDoR DT R sT
T T
Q Å RsRQQoR Q
Rs

[6]

and
s Å RssoR sT

in the Hamiltonian (Eq. [1]) when the angular momentum
operators are expressed in the laboratory reference frame.
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where Rb rotates from the laboratory frame to the rotation
axis, and Rf(t) rotates about the spinner axis by f Å vr t.
We will be most interested in the case where b is near
the magic angle (54.7357 ). All the tensors are now time
dependent due to the sample spinning.
Zilm and Grant (8) show that, in the absence of the electric quadrupole effects, the 13C frequency shifts can be combined to get an angular dependence identical to that of an
anisotropic chemical shift. Hence, under MAS conditions,
those terms which do not depend on the presence of the
electric quadrupole effects will average to a single frequency. Under conditions of magic-angle spinning at rates
in the range 1 to 10 kHz, one cannot expect the nitrogen
quadrupole interaction, with frequencies in the 1 MHz range,
to average, even though the effect on the 13C resonance will
be shifts smaller than 1 kHz. If angles other than the magic
angle are used, none of the interactions will average to a
single frequency and a powder lineshape results.
To model this situation, we start with nitrogen wavefunctions expressed in terms of a time-dependent basis set. That
is, the nitrogen wavefunction is written as
ÉcN (t) … Å

∑
j Å01,0,/1

AP: Mag Res

aj (t)Écj (t) …exp[ 0iDj (t)],

[8]
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where at any specific time t, the orthonormal basis functions
Écj … diagonalize the nitrogen Zeeman and quadrupolar interactions

HN (t)Écj (t) … Å Ej (t)Écj (t) …

[9]

13

valid if ak (t) does not vary too much during the time Dt.
Since we are interested in the behavior at times of order
1/ vr and É Ej 0 EkÉ @ \vr for j x k, we can use the fact
the denominator is large and/or stroboscopic sampling to
get

and

Ìak

* dt E (t)/ \.
t

Dj (t) Å

Ìt

[10]

j

Å 0 ak (t)» ckÉ

0

This wavefunction is quite general; however, it is hoped that
the time dependence of { aj (t)} is small.
Following the same procedure as above, except using the
wavefunction in Eq. [8], Eq. [5] becomes

∑

» I/ … Å b *
/b0

a*
j (t)aj (t)exp[ 0igCHot 0 iSzz ]

S

» c kÉ

[11]
Å

where

Ì
Ìvr t

∑
mxk

* dt s (t)

S

Ì
Ìt

D

Éck … .

[16]

If the effects of the electric-field gradient (EFG) can be
described using perturbation theory, the right-hand side can
be calculated using

j Å01,0,/1

1 exp[i Vj ],
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Éck …

D

i
» mÉHQÉk …» mÉ[ HQ , Ir ]Ék …
gHo (k 0 m)

[17]

t

Szz (t) Å gCHo

zz

0

and

[12]

* dt v (t).
t

Vj (t) Å

D
j

0

The problem now is to find { aj (t)} and to take an appropriate ensemble average.
In principle, { aj (t)} can be determined by substituting
Eq. [8] into the Schrödinger equation

HN ÉcN (t) … Å 0

\ Ì
ÉcN (t) …
i Ìt

[13]

to get
Ìak
Ìt

∑

/

S

a j » c kÉ

j Å01,0,/1

Ì
Ìt

Éc j …

D

1 exp[ 0i( Dj 0 Dk )] Å 0.

[14]

Up to this point, no additional approximations have been
added to those used for the static case. Rather than solve
this differential equation, we seek an approximate solution.
If we assume { aj (0)} are known, then a short time later,
Dt ! 1/ vr , we get an approximate solution
[ ak ( Dt) 0 ak (0)]/ Dt
É0

∑

aj (0)» ckÉ

j Å01,0,/1

1

S

Ì
Ìt

Écj …

D

{exp[ 0i(Ej (0) 0 Ek (0))Dt/ \ ] 0 1}
0i[Ej (0) 0 Ek (0)]Dt/ \

6j0d$$0879
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where HQ is the time-dependent electric quadrupole portion
of the nitrogen Hamiltonian, SrQrS, (Eqs. [1] and [7]),
and Ir is the angular momentum operator along the spinning
axis. The right side of Eq. [17] is second order in the perturbation. Thus, the time evolution of aka k* will be second
order in the perturbation. For the situations where the nitrogen wavefunctions are described reasonably well using firstorder perturbation theory, the time evolution gives a small
contribution and one can take aka k* to be time independent.
With this approximation, the equations describing the NMR
signal are the same as those derived using the adiabatic
approximation (11, 12). It should be noted that, in any event,
the method (as well as those presented by others) may fail
to produce correct results if the nitrogen energy levels cross
(so É Ej 0 EkÉ É \vr for j x k) as the sample spins. For
typical electric-field gradients observed for 14N (e 2qQ Å 1
to 4 MHz), this will not be an issue except for magnetic
fields below about 1 T. In contrast, if the neighbor were Cl,
the level crossings may occur for fields below about 9 T.
The term » ckÉ [( Ì / Ìt) ck … ] in Eq. [16] will be periodic with
frequency vr about an average of zero. By expanding that
term in a Fourier series, it is straightforward to show that
ak (t) a k* (t) can be written in the form
ak (t) a *
k (t) Å ak (0) a *
k (0)exp[ z (t) 0 z (0)],

[18]

where z (t) is a real function of time, periodic with frequency
vr . That is, there will be a small amount of amplitude modulation of the NMR signal in addition to the frequency modulation shown in Eq. [14].
Up to this point, the discussion has been for an isolated
C–N pair which has a particular initial orientation with respect to the magnetic field. We now wish to consider the

AP: Mag Res
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ensemble average of all such pairs which have the same
orientation. To do this, we make the assumption that at any
starting point (t Å 0) all possible wavefunctions are present
with equal probability. That is, we use the usual high-temperature, random-phase approximation. Hence, within our
time-independent approximation, » a j*(0)aj (0) … Å » a k*(0)
ak (0) … . Alternatively, we can define the initial condition in
terms of eigenfunctions of the time-averaged Hamiltonian,
again assuming the high-temperature, random-phase approximation. The result in either case is the same.
We write the remaining real-valued functions of time, szz ,
and v jD , using
vs(t) Å gCHoszz (t) Å vo / va (t)
v jD (t) Å v joD / v jaD (t),

[19]

where vo and v joD are the time average values, and va (t)
and v jaD (t) will be periodic with rotation frequency vr , the
spinning frequency. Defining a function jj (t) such that
dj j
Å v jaD (t) 0 va (t),
dt
and suppressing constant terms, we find that
» I/ … Å

∑

exp[ 0i( vo 0 v joD )t]

j Å01,0,/1

1 exp{i[ jj (t) 0 jj (0)]
/ [ z j (t) 0 z j (0)]}.

[20]

The frequency modulation (the imaginary terms in the second exponential) has a significant impact on the observed
lineshape if the spinning frequency is not large compared to
the chemical shift anisotropy and/or the dipole interaction.
Numerical computation of lineshapes using Eq. [20] was
done in a manner similar to the calculations for the stationary
samples except that the powder average was done using the
spinner axis rather than along the direction of the magnetic
field. That is, in Eq. [7], RbRs is replaced by a single rotation
directly to the spinner axis, R ( a, b, g ), and Rf(t) R ( a, b,
g ) Å R ( a, b, g / vr t). The chemical shift and dipole shifts
sampled for one rotation of the spinner are used, and the
intensity of each contribution is modified by the second exponential in Eq. [20], as discussed below. To obtain simulations in a reasonable amount of time, the small-amplitude
modulation is neglected.
Since we are interested in the nth order sideband lineshape, a Fourier transform of the second exponential in Eq.
[20] is needed. We use a simplified version of the method
described by Mehring (15). An unnecessary numerical average over g can be avoided if that average is computed as
follows. Recognizing that g is equivalent to a time to Å
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g / vr , the Fourier transform of the frequency modulating
terms is

*

2p / vr

dt exp{i[ j(t / to ) 0 j(to ) 0 n vr t]}

0

Å exp{ 0i[ j(to ) 0 n vr to ]}
1

*

2p / vr

dt * exp{i[ j(t * ) 0 n vr t * ]}

0

Å exp{ 0i[ j(to ) 0 n vr to ]} Fn Å Gn ,

[21]

where the fact that j(t) is periodic has been used. After the
average over g (e.g., to ), the intensity is FnF*
n Å GnG*
n . To
implement this numerically, vs and v jD are accumulated as
the angle g is incremented by 2p in equal steps. The number
of steps must be large enough to avoid Nyquist folding.
After subtracting the average values, the integrals (Eq. [12])
are computed and an array containing the exponentials is
formed. The array is Fourier transformed for the sidebands
of interest and each element is squared. This results in the
computation of ÉGnÉ2 . The intensity is then placed into a
lineshape histogram at the position corresponding to the frequency vo 0 v joD 0 n vr . If many sidebands are desired, it
is convenient to choose the number of steps to be a power
of two so that a fast Fourier transform can be applied. Broadening is added to smooth the spectrum using a simple convolution with a single broadening function. Relaxation effects
are not included except to the extent they are modeled by
the broadening. The same theory is used to compute lineshapes for carbon bonded to 15N (S Å 12), except that the
terms involving » Sx … and » Sy … are excluded and the diagonalization of the nitrogen Hamiltonian is unnecessary.
Changes in the spinning rate during signal averaging can
lead to significant changes in the observed lineshape if sharp
features are present. Slow changes in the spinning rate during
signal averaging were simulated using a square distribution
for vr about its average value when placing the intensity
into the histogram. This approximate treatment will only be
valid when the spinning rate changes are small.
We typically use a minimum of 32 values of g and a fast
Fourier transform (16), allowing up to 15 sidebands on
either side of the zeroth-order spectrum to be computed. For
slower speeds, the number of samples is increased. Simulations have been performed with up to 512 sidebands without
difficulty. To speed the calculation, the diagonalization of
the nitrogen Hamiltonian is done using the results of exact
equations (17). There are a small number of special cases
where that routine fails and they are avoided. In any event,
they would be rare and the contribution to the resultant spectrum would be negligible. Simple timing measurements
show that about one-half of the time is spent diagonalizing
the nitrogen Hamiltonian to find the nitrogen wavefunctions
and less than one-tenth of the time is used to compute the

AP: Mag Res
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intensities. The Euler angles defined by Edmonds (18) were
used. A look-up table was computed for the rotation operators describing the sample spinning as a trade-off between
speed and memory use. Calculations were done using a desktop computer with a 486DX/4-100 MHz processor. With
that computer, a lineshape calculation takes a few seconds
for completely axial interactions to several minutes for more
complicated situations.
Unweighted-least-squares fits were performed using a
modified version of the Levenberg–Marquardt method. That
method is described by Press et al. (19). Derivatives with
respect to the parameters were calculated numerically and
the number of function calls was kept to a minimum (one
call per parameter per iteration). In addition to 12 adjustable
physical parameters (3 describing the chemical shift, 3 describing the dipole interaction, 5 describing the EFG, and 1
describing the broadening), we have also included 7 adjustable experimental parameters (an overall amplitude, the
angle of the spin axis, the spinner rate and stability, and up
to 3 parameters to describe a parabolic baseline). Fits using
all 19 adjustable parameters are quite time consuming and
in some cases have produced unreliable results, and an appropriate subset is used in each case. Least-squares fits can
take anywhere from a few minutes to over an hour, depending on the number of adjustable parameters and the
quality of the initial guesses for those parameters.
As a side note, a measurement of the 13C NMR signal in
the presence of nitrogen can be used to determine the diagonal terms of the nitrogen density matrix. Since the C–N
interaction is weak, and in most cases relaxation processes
are very slow, transitions between the N energy levels during
the time scale of the measurement are negligible. The ensemble average (Eq. [20]) would be unchanged if one were to
assume that the nitrogen wavefunction ‘‘collapsed’’ due to
this measurement process. If a collapse occurred, each nitrogen would only be observed in one of its eigenstates, rather
than a linear combination of eigenstates. Should a measurement of a single isolated C–N pair be possible, the individual
measured responses (Eq. [11]) would be very different if
the wavefunction collapsed due to the measurement process
than if a wavefunction remained a linear combination of the
eigenstates during the time scale of the measurement.
COMPARISON OF THEORY AND EXPERIMENT

Solid CH3CN was chosen because the chemical-shift,
C–N dipole interaction, and N electric quadrupole coupling
allow for a direct comparison between theory and experiment
without the need for special equipment and/or techniques.
In fact, it is quite difficult to achieve the fast-spinning limit
for this compound.
The experimental spectra for CH3CN were measured as
previously described (20, 21), using proton decoupling with
the addition of cross polarization for natural-abundance 13C
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samples, a homebuilt spectrometer at a field of 3.5 T (37.84
MHz for 13C), and a Doty (22) (DSI-574) probe. Spectra
are referenced to TMS using adamantane as a secondary
reference. Calibration of the stator angle was done using the
79
Br resonance of KBr.
The nitrile carbon of solid acetonitrile (CH3CN) has a
chemical-shift anisotropy of over 300 ppm (approx. 10 kHz
at 3.5 T), making the limit of rapid sample spinning quite
difficult to achieve. The short CGN bond length results in
a relatively large dipolar interaction ( gC gN\ 2 /r 3CN É 35 ppm
or about 1 kHz at 3.5 T). The effects of the 14N (100%
natural abundance) electric-quadrupole-field splitting [e 2qQ
Å 3.738 MHz (23)] on the CH3CN 13C spectra will be
angular-dependent frequency shifts of about {10 ppm at 3.5
T. Spinning rates as low as 570 Hz (less than 1/10th of the
linewidth, and about 1/2 of the dipole coupling) were used.
When the spinning rate is this small, and the chemical-shift
anisotropy so large, a deviation of 17 or so from the magic
angle is all that is necessary to obtain significant results.
While there is no single scaling factor, comparable spectra
for typical C–N-containing materials, such as for the a carbon of L-alanine, which has a smaller chemical-shift anisotropy (24), smaller electric quadrupole splittings, and a larger
C–N distance (11), would be acquired with a spinning rate
of about 100 Hz.
CH3CN has two solid phases, a higher-temperature a
phase stable between 217 and 229 K and a b phase stable
below 217 K with a slow conversion between the two phases
at the transition. The measurements presented here are for
samples slowly cooled through the a phase and the samples
will be predominantly b phase (25). In any event, no difference could be observed in the NMR spectra of the a and b
phases (20). The CH3CN molecule is linear and X-ray (26)
and neutron-diffraction (27) studies are consistent with a
linear molecule within the solid. Hence, one can expect the
nitrile carbon NMR parameters to represent an axial environment.
Figure 1 shows 13C NMR spectra and theoretical simulations from least-squares fits for CH3CN enriched to 99% 15N
(Cambridge Isotope Labs) spun about the magic angle, bM ,
and at bM 0 1.87. A large peak near 0 ppm, from the methyl
carbon, was not included in the simulations. The simulations
shown in all figures have had baseline effects removed. Since
15
N has S Å 12, the effects of the N electric quadrupole field
will be unobservable. The spectrum in Fig. 1a consists of
about nine usable sharp features (only eight are shown).
The overall amplitude of the spectrum can be set using one
of the lines, and the linewidth of the spectrum is set by the
data near that line. The isotropic chemical shift is easily
determined using the zero-order sideband (near 122 ppm).
Thus, only the relative amplitudes of eight of these lines
need to be specified to model the entire lineshape. That is,
there are eight values to be fitted. A general fit would include
two additional chemical-shift parameters, an internuclear
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coincident with the chemical-shift principal axes. Lorentzian
broadening was used. Individual fits to these spectra yield
consistent values of R Å 1.180 { .010 Å where the error
expressed here well represents both the statistically estimated error for each individual fit as well as the variation
from one fit to another. The chemical-shift anisotropy, Ds
[ Ds G szz 0 ( syy / sxx )/2], from the fits was 0311 { 2
ppm. Restricting the chemical shift to be axial, the EFG and
dipolar principal axes to be along the chemical-shift principal
axes, but allowing the magnitude of the EFG to vary, gave
R Å 1.160 { 0.010 Å and e 2qQ Å 03.55 { 0.16 MHz. The
latter fits had only a slightly reduced value of x 2 , though
in several cases the relative intensities of some of the sharper
features better matched the data. Although weighted fits were
not pursued as part of this work, this result suggests that
adding extra weight to sharper spectral features may be a
good strategy for obtaining fits to these, or similar, spectra.
Note that in the fast-spinning limit, the 13C spectrum will
consist of two closely spaced powder patterns with an inten-

FIG. 1. Experimental 13C NMR proton-decoupled sample-spinning
spectrum and simulations for 15N-enriched CH3C 15N at (a) the magic angle
and (b) the magic angle minus 1.87, at a spinning frequency of 1010 Hz.
The methyl carbon signal is near 0 ppm and was not included in the
simulation. The parameters used for the simulations are a result of unweighted-least-squares fits. Values are discussed in the text.

distance, two angles describing the orientation of the internuclear vector, and for very narrow features, even a very
small spin-rate instability can have an appreciable effect and
must be included. In addition, changes in the rotation angle
by as little as 0.27 can change the relative intensities, and
hence, the rotation angle becomes a parameter if it is not
known to better than 0.27. Thus, one has as many as eight
parameters to be determined from the eight values. Statistical
estimates from such a fit to the data in Fig. 1 yield, for
example, an internuclear distance, R Å 1.15 { 0.08 Å. The
spectrum in Fig. 1b contains more information and fits yield
an internuclear distance of R Å 1.14 { 0.03 Å.
Figures 2 and 3 show 13C NMR spectra and theoretical
simulations for 13C-enriched, solid CH 313CN near 140 K for
various spinning rates and at various angles near the magic
angle. These spectra are rich with structure, and hence, one
can hope to extract more information from the data. In order
to compare to the 15N-enriched sample, fits were done restricting the nitrogen EFG to its known value measured at
77 K [e 2qQ Å 03.738 MHz and nearly axial (23), where
the minus sign is easily determined from these measurements
(5, 11)] and further restricting the EFG principal axes to be
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FIG. 2. Experimental 13C proton-decoupled, sample-spinning spectra
and simulations for 13C-enriched CH313CN at 140 K, spinning at 1100 Hz
for three offsets from the magic angle. The parameters used for the simulations are a result of unweighted-least-squares fits. Values are discussed in
the text.
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FIG. 4. Simulations of the zero-order sideband for CH3CN spun at the
magic angle for various spinning rates.

FIG. 3. Experimental 13C proton-decoupled, sample-spinning spectra
and simulations for 13C-enriched CH313CN at 180 K, and at the magic angle
for different spinning rates. Spectra at spinning rates of 1160 and 920 Hz
(not shown) were measured at both 140 K and 180 K and no difference
could be observed. The parameters used for the simulations are a result of
unweighted-least-squares fits. Values are discussed in the text.

sity ratio of 2:1 corresponding to the nitrogen Sz Å {1 and
0 levels, respectively (3, 5, 11). At the spinning rates used
here, the zero order sideband is spread out between about
115 and 130 ppm, and the intensity associated with Sz Å 0
(near 115 to 118 ppm) is greatly reduced in intensity compared to the intensity associated with Sz Å {1—so much
so that it is barely visible. This effect is illustrated in Fig.
4. Note also that in addition to a change in the 2:1 intensity
ratio, there is an apparent change in the splitting between
the lines at lower spinning rates.
The parameters which were determined most precisely by
the fitting procedure (if allowed to vary) are the overall
amplitude ( {0.2%), the baseline ( {0.02% of full scale),
the spinning angle ( {0.037 ), the spin rate ( {0.1 Hz), the
FWHM of the broadening function ( {1%), and the isotropic
chemical shift ( {0.05 ppm). The values least well determined were the Euler angles describing the orientation of
the nitrogen EFG relative to the chemical-shift principal axes
where variations of 107 to 207 from fit to fit were common.
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Values for other parameters are given above. The precision
for determining R is eight times better using the data in Fig.
2 or 3 than using the data in Fig. 1a. Figure 5 shows the
13
C NMR spectra for a stationary CH3CN sample along with
a best-fit simulation. This sample was enriched to 99% 13C
at the nitrile site in order to clearly see the elements of the

FIG. 5. Experimental 13C proton-decoupled spectra and simulation for
C-enriched CH313CN, for a stationary sample at 140 K obtained using
Hahn echoes. The parameters used for the simulation are a result of unweighted-least-squares fits. Values are discussed in the text.
13
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chemical-shift tensor without interference from the methyl
carbon. The simulation is a result of a least-squares fit with
the same restrictions as above. The value of RCN which resulted was 1.165 { 0.005 Å. Gaussian broadening was used.
The chemical-shift anisotropy which best fitted the data was
Ds Å 0318 { 2 ppm, slightly larger than the values obtained from the spinning spectra. The difference between
these Ds values is outside the error estimates and simulations for a stationary sample with the value 0311 ppm
clearly show that this value is too small to match the static
spectrum. The origin of this difference is unknown, but may
be due to the restrictions placed on some of the parameters
during the fits or possibly to the neglect of the amplitudemodulating terms (e.g., the use of the adiabatic approximation). The effects of the nitrogen electric quadrupole interaction on the static spectrum are small (shifts of {9 ppm),
and thus, as previously noted (28), one cannot expect to
be able to extract accurate values for e 2qQ from the static
spectrum.
Additional simulations of both the static and spinning data
show that hCS Å ( syy 0 sxx )/( szz 0 s ), where s is the
isotropic shift, is given by hCS õ 0.07, also hQ õ 0.1, and the
angle u between the chemical-shift z axis and the internuclear
vector is less than 107.
CONCLUSION
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